The combination of the gaseous species of a conventional MOCVD system with a UHV chamber is described.
-INTRODUCTION
MOVPE process involves several types of mechanisms both in the gas phase and at the surface.
When carried out at atmospheric pressure the growth in MOVPE appears to be only diffusion limited in the gas phase and the homogeneous or heterogeneous decomposition reactions are not the limiting step [l,2,3J. In order to investigate the heterogeneous decomposition reactions, molecular beams of metalorganic and hydride compounds are used. These experiments taking place in a high vacuum system the boundary layer above the substrate is suppressed ; interactions in the gas phase are excluded and the growth is only surface controlled. The surface analytical tools available in high vacuum allow the study of the metalorganic and hydride interactions with a GaAs surface at an atomic scale. These informations are essential for the understanding of the fundamental growth mechanisms.
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In a f i r s t p a r t we d e s c r i b e t h e mass spectrometer a n a l y s i s of t h e thermal decomposition i n a furnace of t h e r e a c t a n t s . Then t h e i n t e r a c t i o n s of t h e room temperature vapor s p e c i e s on a heated GaAs s u r f a c e a r e s t u d i e d . A second p a r t is devoted t o t h e growth k i n e t i c s a n a l y s i s i n t h e (As4, TMG) and (AsH3, TMG) systems. Growth c a r a c t e r i s a t i o n being made i n s i t u . In a l a s t s e c t i o n an o r i g i n a l p r o p e r t y of t h i s technique : s e l e c t i v e e p i t a x y , i s demonstrated.
-EXPERIMENTAL
The vacuum system which has been used f o r t h i s s t u d y is a conventional molecular beam e p i t a x y apparatus. I t ( f i g . Experimental s e t up connected t o t h e work chamber v i a a l i q u i d n i t r o g e n t r a p , a titanium sublimation pump and cryopanels.
A quadrupole mass a n a l y s e r ( R i b e r QMM 17) is used t o mesure t h e r e s i d u a l background p a r t i a l p r e s s u r e s and t o a n a l y s e t h e decomposition p r o d u c t s of t h e g a s e s .
A RHEED system, c o n s i s t i n g of a 25 keV e l e c t r o n gun which d e l i v e r s a c o l i m a t e d b e a m a t g r a z i n g i n c i d e n c e on t h e samples i s used t o o b s e r v e t h e s t r u c t u r a l s u r f a c e changes d u r i n g t h e r m a l t r e a t m e n t s and growth.
The c l e a n l i n e s s of t h e s u r f a c e is a s s e s s e d by an Auger s p e c t r ometer ( 3 keV e l e c t r o n gun,CMA ) .
A f i x e d wavelength e l l i p s o m e t e r m o n i t o r s t h e growth i n r e a l t i m e i n d i c a t i n g s u r f a c e roughness changes. I n t h e c a s e of ~a~s /~a~-~~l A s h e t e r o j u n c t i o n s it d e t e r m i n e s aluminium c o n c e n t r a t i o n , i n t e r f a c e X s h a r p n e s s and growth r a t e s .
The sample is i n t r o d u c e d v i a an i n t e r l o c k chamber and is mounted on an i n t e r n a l l y h e a t e d molybdenum block. Its t e m p e r a t u r e is measured by a chromel-alumel thermocouple i n s e r t e d i n t h e sample block.
The system h a s been modified t o accomodate a r s i n e a s w e l l a s o r g a n o m e t a l l i c s . The vapors s p e c i e s a r e s u p p l i e d from c y l i n d e r s v i a c a p i l l a r y t u b e s and i n t r o d u c e d through UHV l e a k v a l v e s and a r e p r e s s u r e c o n t r o l l e d . The o u t l e t of t h e t u b e s a r e s p e c i a l l y designed t o d i f f u s e t h e g a s s t r e a m s and d i r e c t them uniformly t o w a r d s t h e s u b s t r a t e . A t p r e s e n t , t h e system i s equipped w i t h p u r e a r s i n e , TMG, and T M A gaseous s o u r c e s and a c o n v e n t i o n a l a r s e n i c (Ask) c e l l .
3 -PRELIMINARY STUDIES a ) -Trimethylgallium-substrate i n t e r a c t i o n and t h e r m a l decomposition
Trimethylgallium (Ga(CH ) 3 : TMG), e i t h e r p u r e o r a t a 1 t o 1 d i l u t i o n i n H2 is d i r e c t e d t o a z a~s s u r f a c e . A s monitored by AES and RHEED, i n t h i s c a s e GaAs s u r f a c e is l e f t unchanged. I n p a r t i c u l a r i n c o n t r a s t w i t h c o n v e n t i o n a l MOVPE~gallium d r o p l e t s a r e n e v e r d e t e c t e d .
The same behaviour i s observed when exposing a Si3N4 o r S i 0 2 covered S i wafer h e a t e d a t 700 OC.
The thermal decomposition i n a f u r n a c e of e i t h e r p u r e o r a t a 1 t o I d i l u t i o n i n H2 is analyzed by mass s p e c t r o m e t r y . Non d i s s o c i a t e d T M G is p a r t i a l l y c r a c k e d i n t h e i o n i z a t i o n chamber of t h e mass
a n a l y z e r i n Ga(CH3)=, Ga(CH ) , Ga and CH3. The thermal d i s s o c i a t i o n of T M G l e a d s t o a d e c r e a s e of t z e Ga(CH3)2 and i n c r e a s e of Ga(CH3), Ga and CH3 peaks. Up t o 800 OC, f r e e g a l l i u m produced by t h e T M G d i s s o c i a t i o n is n e i t h e r d e p o s i t e d on a s u b s t r a t e n o r i n t h e f u r n a c e .
The f i n a l p r o d u c t s o f t h e thermal d i s s o c i a t i o n of T M G i n our c o n d i t i o n s a r e b e l i e v e d t o be mainly Ga(CH3), CH3 and C2H6.
Therefore under high vacuum c o n d i t i o n s and low H2 p a r t i a l p r e s s u r e w e propose t h e f o l l o w i n g r e a c t i o n s f o r t h e decomposition of T M G which have been a l r e a d y e s t a b l i s h e d by Jacko and P r i c e [ 4 ] i n o t h e r c o n d i t i o n s :
No f r e e gallium.
b) -Arsine s u b s t r a t e i n t e r a c t i o n and thermal decomposition I t is w e l l known t h a t e l e m e n t a l a r s e n i c (As4 of c o n v e n t i o n a l MBE c e l l ) impinging on a GaAs s u b s t r a t e h e a t e d a t 700 O C p r e v e n t s i t s decomposition. In t h i s c a s e t h e bonding indium of t h e s u b s t r a t e h o l d e r r e a c t s with t h e a r s e n i c t o make an InAs Compound. The d a t a a r e c o r r e c t e d using t h e c r a c k i n g p a t t e r n of t h e a r s i n e i n t h e mass s p e c t r o m e t e r .
I n c o n t r a s t when a r s i n e (ASH ) e i t h e r p u r e o r a t a 1 0 t o 100 3 d i l u t i o n i n H2 i s used, no InAs i s produced on t h e sample h o l d e r a l t h o u g h t h e s u r f a c e is s t a b i l i z e d by an i n t e r m e d i a r y element of t h e a r s i n e decomposition. W e can deduce t h a t t h e heated s u b s t r a t e d o e s n ' t decompose a r s i n e i n t o a
he r e s u l t s a r e given i n f i g . In particular,if the data are corrected as mentionned above, the AsHZ species are constant and produced only by the ionization chamber. The dissociation of ASH appears to be the step limiting process. It occurs only above 1100 "C in our set up, according to the following schemes :
Assuming a first order decomposition reaction with respect to arsine pressure and calibrating the quadrupole mass analyzer on AsH3 and H2
pressures, an activation energy is estimated to be 35 kcal/mole for the arsine decomposition and 37 kcal/mole for H2 production.
-GaAs GROWTH KINETICS a) -Growth from pure TMG and Asq
The substrate used are Czochralsky semi-insulating (Cr doped) GaAs (001) oriented wafers. Chemical treatment before the introduction T r i c h l o r e t h y l e n e and a c e t o n e d e g r e a s i n g , H2S04 : H20 : HZ02 (20.1.1) e t c h i n g , d e s i o n i z e d water r i n s i n g .
P r i o r t o growth a h e a t t r e a t m e n t o f t h e sample i s used i n o r d e r t o
decompose t h e g a l l i u m and a r s e n i c oxides. Fig. 4 shows t h e growth r a t e dependence on t h e T M G p a r t i a l p r e s s u r e ( a t t h e sample), f o r given A s 4 flow and s u b s t r a t e temperature. 
For a f l u x r a t i o f As4/f TMG>> lbgrowth r a t e i s p r o p o r t i o n a l t o T M G flow. Higher T M G p r e s s u r e s l e a d s t o non l i n e a r dependence. This can be due e i t h e r t o a c o n t r o l of t h e growth r a t e by t h e A s 4 flow, o r more probably t o a n i n h i b i t i o n of t h e growth due t o a h i g h coverage of t h e s u r f a c e by undecomposed g a l l i u m compounds o r methyl and e t h y l adsorbed s p e c i e s .

The t e m p e r a t u r e dependence of t h e growth r a t e f o r a given A s 4 and T M G p a r t i a l p r e s s u r e is shown i n f i g . 5. The a c t i v a t i o n energy
.@sociated w i t h t h e t e m p e r a t u r e dependence of t h e growth r a t e between 600 OC and 700 OC i s 0 , 6 kcal/mole. The growth of G a A s from room t e m p e r a t u r e T M G and AsH3 i n vacuum h a s been a l r e a d y r e p o r t e d 173. However i n o u r e x p e r i m e n t a l s e t up, under t h e same t e m p e r a t u r e and T M G f l o w c o n d i t i o n s , i f room t e m p e r a t u r e flow of a r s i n e e i t h e r p u r e o r a t a 10 t o 100 d i l u t i o n i n H2 is s u b s t i t u t e d t o a r s e n i c , n o growth is observed. A h i g h e r a r s i n e p a r t i a l p r e s s u r e on t h e sample, f o r t h e same t o t a l chamber p r e s s u r e can e x p l a i n t h e e x p e r i m e n t a l d i f f e r e n c e s w i t h t h e work mentioned above. To b r i n g a c t i v e a r s e n i c s p e c i e s (As, A s 2 , A s q ) a t t h e s u r f a c e , t h e f u r n a c e d e s c r i b e d ( f i g . 2) h a s been used t o c r a c k k S H 3 . Fig. 6 shows t h e mass spectrum d u r i n g growth. It a p p e a r s F i g u r e 6 -Mass spectrum d u r i n g growth from Ga(CH ) and AsH3
This means t h a t i n t h i s t e m p e r a t u r e range T M G decomposition does n o t l i m i t t h e p r o c e s s and growth r a t e is p r o p o r t i o n a l t o t h e impinging
Below 600 OC t h e growth r a t e d e c r e a s e s w i t h an a p p a r e n t a c t i v at i o n energy of 42 kcal/mole. The growth p r o c e s s is t h e n l i m i t e d by a s t e p of t h e T M G decomposition. F i g u r e 4 -Growth r a t e v e r s u s T M G p a r t i a l p r e s s u r e
~5 -3 4 6
JOURNAL DE PHYSIQUE t h a t f o r t h e same T M G flow, t h e growth r a t e is lower i n t h i s c a s e compared t o t h a t o b t a i n e d w i t h A s q ( f i g . 7 ) .
The poisoning of GaAs s u r f a c e by t h e hydrogeneted a r s e n i c p r o d u c t s probably ASH may e x p l a i n t h i s behaviour a s w e l l a s t h e observed non decomposition of a r s i n e by t h e h e a t e d s u b s t r a t e . For h i g h TMG flow
t h e same i n h i b i t i o n of t h e growth r a t e is observed . 
Q
The i n f l u e n c e o f t h e t e m p e r a t u r e on t h e growth r a t e has a l s o been s t u d i e d . It appears t h a t no v a r i a t i o n is observed between 600 O C and 700 OC while below 600 OC growth r a t e d e c r e a s e s . Complementary s t u d i e s a r e needed t o e v a l u a t e t h e a c t i v a t i o n energy corresponding t o t h e s l o p e o f t h e curve.
To summarize we propose t h e following s i m p l e scheme f o r GaAs.
Growth under high vacuum i n (TMG .c As4) o r (TMG + cracked ASH ) systems. -There is no f r e e g a l l i u m i n t h e g a s phase and on t h e s u r f a c e when a r s e n i c s p e c i e s a r e a b s e n t .
-Arsine is n o t decomposed on a heated (500 t o 700 OC) s u r f a c e b u t p r e v e n t s t h e GaAs decomposition.
-Arsenic s p e c i e s can o n l y be chemisorbed on t h e s u r f a c e when g a l l i u m dangling bonds a r e p r e s e n t , a s i n MBE [8].
-Once t h e a r s e n i c s p e c i e s a r e chemisorbed, g a l l i u m c o n t a i n i n g o r g a n i c molecules can be chemisorbed and t h e y can form a complex with a r s e n i c . -The methyl r a d i c a h p r e s e n t i n such a complex a r e t h e n f r e e d and a GaAs molecule is i n c o r p o r a t e d .
-The e x a c t r o l e o f hydrogen i s n o t c l e a r a t p r e s e n t time.
Layers grown with As4 are mirror like and uniform (within 5 %) in thickness on a 6 cm2 surface. The residual doping level is P type at about 1019 at/cm3. No carbon is detected in these layers by Auger spectroscopy.
When arsine is substituted to As4, the layers remain p type bu -1 1 the doping level decreases to 1016 with a mobility of 300 and1400 cm2v sat room temperature and 77 K respectively.
Complementary studies are needed to determine which elements are responsible for this doping level.
It appears from first SIMS analysis that the carbon concentration in the layers is comparable with the one in the substrate. Carbon contribution to the high doping level can thus be ruled out.
6 -A SPECIAL FEATURE : LOCALIZED EPITAXY Taking advantage of the surface catalyzed growth process, particular growth conditions have been found which lead to selective epitaxy. As already noted, growth occurs only when Ga dangling bonds are present at the surface. By using a Si3N4 or SiOZ covered GaAs, and opening windows in the dielectric top layer, metal organic MBE growth takes place only in the windows as shown in Fig. 8 . It is important to notice again that no deposition occurs on the dielectric film. This is in contrast with MBE or MOVPE technique [9] where C5-348 JOURNAL DE PHYSIQUE polycrystalline GaAs films develop on these masked regions, leaving the technological problem of their subsequent removal.
-CONCLUSION
From metal organic and hydride thermal decomposition studies it appears that under our experimental conditions TMG does not lead to pure gallium production.
A TMG beam impinging on a heated gallium arsenide substrate does not change its surface composition, furthermore gallium droplets are not observed.
The possibility of epitaxial growth of GaAs from pure TMG and As4 has been established. The layers are mirror like and their thickness uniformity is better than 5 % over a 6 cm2 surface. The residual doping level is lowered when using arsine but remains p type at present.
However if the doping level can still be lowered this process may become very attractive : particularly the large choice of metalorganic compounds available permits the extension of this process to the growth of a large class of semi-conductor alloys. The vapor species being considered as quasi infinite sources, the molecular beam intensity will be reproducible and easy to control. When designing a system for ternary or quaternary material growth, gas mixing is possible, at least of elements within the same groups (111 or V). Therefore the problem of composition uniformity, which is a limitation in MBE, might be partly solved.
The growth being possible only on arsenic stabilized surfaces experimental conditions have been found where selective epitaxy takes place. This special feature may present technological advantages.
